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Physics. — “On the critical density for associating substances.”
By Prof. J. D. vAN pER WaATs. ]

(Communicated in the meeting of March 28, 1914)

For non-associating substances the critical density is determined
by the relation:

D= 0,001293%% é’;ks.

We then understand by density the number of grams that 1 em?
weighs, by 2 the molecular weight, and by s the factor introduced
by Syoyuy Youns, which denotes how many times the critical volume
is smaller than would be the case if the substance should have
followed the laws of Boyre and Gay-Lussic. So that s corresponds
to the relation:

SPEE__ Po%
RIT;  RT,

or as p,—=1 and RT, =1, to:

PIVE
s—— = v,.
Ry,
It we imagine a quantity of substance present equal to A/, then
28,84
v, = —————— = 22305, and the given equation for Dj becomes
"= 0,001295 8 anat g
“duly :
: M
Dy =—.
vk

The determination of vz is therefore sufficient for the determination
of Dy, and also, when 7% and pr ave taken into account, for the
determination of the quantity s. We owe, it chiefly to SyoNey Youne
that the value of Dp and the corresponding value of s is known
for a great number of substances. If the observations do not allow
the direct determination of vy, one imay avail oneself of other methods
io determine D; for the calculation of s, but Jot with the same
certainty, and determine the quantity s by the aid of this value and
the knowledge of M, pi, and 7% according to the above given
formula. Now it is remarkable to how high a degree this quantity
is found-the same for alle non-associating substances, and how little
it appears to differ from 3,77. Whether it veally has this value for
all normal substances, whether a smaller value will exist particularly
for substances with small molecules, I will not discuss again at

.
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present, but I will point out that the appreeiably larger values of s,
which are given for associaling substances by Sypney Youne, may
be perfectly accounted for with this value of s=3,77.

Syoney Youne (Proceedings Physical Society of Londen July 1894)
gives =25 for acetic acid, s = 4,52 for methyl alcohol, s = 4,02
for ethyl alcohol, ete.

For associating substances a modification must be applied in the
formula for Dy, which we have given above, namely in the value
of M. Let there be present 1—ay single molecules, and a;, double
molecules, then the molecular weight present in the critical state
=M, (1 —az)+ M, and M, being = 2M,, the molecular weight
=M, [ 4 @). Hence we get:

Dk:%ﬁ_‘o’nj (L+en) o p’“
which, if
P =
BT, "™

is put again, agrees with: ‘
MM, (1)
o ow

The ratio between the critical density and that which would be
found when the laws of Bovie Gav-Lussac were followed, is
therefore greater for two reasons. First because of the existence

Dy =

of the quantity ap, and secondly on account of the existence of

s>1. And Sypner Youne’s value for acetic aecid, viz. 5, is the
product s(1-2z). And assuining again 3.77 for s, we determine

. 5
1+ ar= g7 O 14 ar=1,324. But we are only sure of this

.value of zp, if we may assume s=3,77 also in this case. And
though this is probable, a priori, becanse the value of s, deviating

8
from 3 the value obtained when & is put invariable, only depends

on the way in which & decveases, yet it seemed desirable to me
to investigate this more closely. For this purpose I have examined
the equation of state for an associating substance more accurately.
It has the form:

' RT o

p:'v—bk_v—“.

The numerator, which would be equal to B, M, 1—a) + R,TM 2
may be written in this simple form, becauwse M R, 7= M,R,T.
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The value of b, is b, (1—=&) -+ b,z, or as b,==2),, we find the
value &, 1-+#) for b, And the value of a, cousists of 3 terms,
viz. 1. a, (1—a)*, the contribution yielded by the single molecules
present. 2. 2 X 2a,z (1-—z), the attraction of the single molecules
present exerted on the present double molecules and vice versa,‘and
3. the term. (2a,2)'. Joining these we find:

a, (1—a+22)* =q, (1+a)".
We can then reduce the equation of state to the following form:~
RT

142 a,
b= -

v b v \*
144 (1+w) .
When we compare this shape of the equation of state of the

associating substance with that of the substance, when it would
contain only single molecules, we see, that with given pressure and

T
temperature T:—: T,, a volnme V, of the associating substance
&

corresponds to a volume V, of the single molecules, which volume
V, is (14-2) times larger, and that over the entire region. Only the
value of 2 is variable. And as I may suppose known, another

d
equation, viz, (d_w): 0 is required for the determination of z. But
2 )y

al the moment we do not require the knowledge of the course of a.

A quantity M, of a substance, consisting only of single molecules,
is in a volume v, and a quantity M, (1) of an associating
substance is m a volume v, (1-+2). The density is therefore the same

4

for given p and in these cases.! I had expected this. result,

&
and even pronounced 1it, though I may only consider this thesis as
proved by the foregoing.

Before proceeding further in the investigation of the value of s
for the associating substance, I will point out some particularities
about the eritical circumstances. We find for (B 7%). by approximation :
8 a, (14+ar) 8 g

RT7)p = — = 1+-az),
e = S G tiren 27 T
and for (p)s:
e L Ot 1 a
PR =07 G (Lt ey 27 (00
(RT]\.¢

ahd for —
(JJL)CL

(Z),)g, about:

the value 8 (0, (142, and as (b,); is smaller than
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(RT)z RTy,
EE — 7 (8,) Qe = —2 (1 d-ap
o (6,)g (1 +z) - (14-az)

T
For the quantity “* we find (see my preceding communication
k
p. 889, These Proc. Feb. 1914) the value of 10,415 much too large

7 . .
for —2. Also by comparison of these values (1-}a7) might be deter-
b,
mined, but with less certainty.
The ecritical temperature of an associating substance is therefore
greater than might be inferred from the molecular size of the single

molecule — but the critical pressure has not changed.

Let us now return to the determination of %7; for the critical

v
circumstances of the associating substance, and compare this Withpi, for

the critical circumstances for permanent single molecules. For the
assocliating substance this valne is equal to (p ;?k). If we replace
k/a
the value of (v) by (14 a)v, for (pr): and (7). we have to
(T k)x
pk)x
(pry) for (pu)e, and (Tk) (1 4 a2) for (I3), the required value
becomes equal to:

determine the value of v, (1 4 2, and if we now substitute

(pk)l v )
. (Tk),

And now we have still to show that v, = (y),.

1f 6 is variable, the critical volume is, indeed, not 3b,, but /Jy,
in which [ is somewhat smaller than 2, or [ 0%, when { 1s somewhat
greater than 2, so that (v1)e = !, (1+-27). On the supposition that
{ has the same value for all substances, at least for substances with
not too small a number of atoms in the molecule, we have shown
by this that

PRV _(kauk)
- T ) T/,

and that therefore the quantity s may be put equal to 3,77 also
for the associating substance.

The foregoing considerations are not confined to cases in which
real association exists, but may also be applied to cases in which
what I have called quasi association is found. This probably occurs
already to an appreciable degree in the critical circumstances for
alcohols. In case of real association there are double and triple
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molecules present, the possibility of the existence of which chemistry
musi be able to show by means of the construction of the moleculé;
in case of quasi-association, however, there are local accumulations
of molecules, which may lead to the question if the cause why they
occur in a greater degree for one substance than for another, may
perhaps be found in the form of the molecunles. But this question
canot be answered with any certainty yet. Nor can the question
be answered as yet for real association why for acetic acid and for
aldehydes and perhaps some other substances as nitriles, this asso-
ciation exists

The degree of aggregation for the quasi-association will probably
not be the same for each of these aggregations, but to simplify the
calculation we may assume on an average the value n for it, which-
I estimated already before at 8 or 9. It is, however, to be expected
that also the mean value n will vary with pressure and temperature.
But since we have unly to examine the influence of the quasi
association on the critical circumstances here, we may confine
ourselves to an invariable value of n. Proceeding here as we did
above, we find for 1 — z non aggregated molecules, and z aggregations -
the molecular weight equal to M, (1 — a2 -4 nz). For br we find
b, (1 — z + na2) and for az the value a, {1 —z - naj,.

And we may write the equation of state:

RT
14-(n—1)2 a,

v b v 2
o+ (—D)a [1—*—(12—1):1}] ‘
T

Hence with givefl pressure and temperature =1/i
14-@-Da
v .
e —=v,, 1if we should call », the volume which the substance
1+4+(n-1)2

would occupy at the same pressure and corresponding temperature,
when it were not in quasi-association. The value of v=v, (1+(n—1)2).

: Y

. M.
In the first case the density is equal to — in the second to

.]lfl(l-—{—(n———l)m) '

v

, so of the same value. Thus we shall also find:

. 0,001293 ’ (pr)=
k=g M [H0—Ta o
(T = (T2, [14(r—1)az]

{(pr)2 = (p1):
and

(Ve == (vi); [14(n—1)wr] \
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~

And so also:

( PR __ ( kak)
T]c z Tk 1

According to the values given by Sypnmy Youne s[1-(n—T1)w;

has the value 4,52 for methyl aleohol, 4,02 for ethyl alcohol, and )

also 4,02 for propyl alcohol. With s =3.77 we found for:
Methyl aleohol 1 - (n—1)z, = 1,2
Ethyl alcohol 1 + (n—1)a, = 1,0663
Propyl! aleohol 1 - (n—1)a = 1.0663

TN . .
Now for these three substances (»—7> is respectively equal to:
Pl/=x

6,52, 8,2 and 10,7. .
By the aid of the value of 1 + (n—1)x; for these three snbsiances

i

A
we calculate (—7> or b,, and then we find:

Pk
543, 7,69 and 10,03

The differences are almost equal, viz. 2.26 and 2.34, but they are
smaller than what we have found for CH, in the series of the saturated
hydrocarbons, and this seems inexplicable for the time being. Unless
we might assume that an atom C, when bound to O, is smaller
than when it is bound to H, and that besides it could also impart
this property to other atoms C to which it is bound. The value for
ethyl alcohol calculated here is, however, in perfect agreement with
the value for ether calenlated in the preceding communication.
With & for ether equal to 13,12 follows the value 7.60 for
alcohol by subtraction of 2 X 2.76. For methyl ether, for which
we found b ="7.55 before, we could now ftnd 5.43, by putting
CH, = 2.12. But this is possible, when C bound to O should be smaller
than C bound to C. The difference, however, is then greater than
could be expected. So that we are again confronted with the question
whether in case of quasi-associafion circumsiances occur which we
have not yet duly taken into account in our discussion. This, Low-
ever, is quite beside the subject of this communication which purposes
to show that we may consider the quantity s as entirely, or almost
entirely of the same valuc at leasi for polyatomic molecules. The

slight differences are then entirely subject to the relation given by
2

64
me before ]_”iI: o7 which, however, only holds unmodified for nor-

mal substances; the value of s for associaling substances has beeu
discussed lere, and a closer investigation about the value of f for
such substances would also be desirable.



